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III. Propagation of Magnetization of Iron as affected hy the Electric Currents 

in the Iron, 
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Part L 

It is not unfamiliar to those who have worked on large dynamos with the ballistic 
galvanometer, that the indications of the galvanometer do not give the whole changes 
which occur in the induction. Let the deflections of the galvanometer connected to 
an exploring coil be observed when the main current in the magnetic coils is reversed. 
The first elono-ation will be much m-eater than the second in the other direction, and 
probably the third greater than the second — showing that a continued current exists 
in one direction for a time comparable with the time of oscillation of the galvanometer. 
These effects cannot be got rid of, though they can be diminished bypassing the 
exciting current through a non-inductive resistance and increasing the electromotive 
force employed. This if carried far enough would be effective if the iron of the cores 
were divided so that no currents could exist in the iron; but the currents in the iron, 
if the core is solid, continue for a considerable time and maintain the magnetism of 
the interior of the core in the direction it had before reversal of current. It was one 
of our objects to investigate this more closely by ascertaining the changes occurring at 
different depths in a core in terms of the time after reversal has been made. 

The experiments were carried out in the Siemens Laboratory, King^s College, 
London ; and the electro-magnet used is shown in fig. 1. It consists in its first form, 
the results of which though instructive are not satisfactory, of two vertical wrought- 
iron cores, 18 inches long and 4 inches diameter, wound with 2595 and 2613 turns 
respectively of No. 16 B.W.G. cotton-covered copper ware — the resistance of the two 
coils in series being 16*3 ohms. The yoke is of wrought-iron 4 inches square in 
section and 2 feet long. T'he pole-pieces are of wrought-iron 4 inches square, and all 
surfaces in contact are truly planed. One of the pole-pieces is turned down at the 
end, which butts on the other pole-piece, for half an inch of its length to a diameter 
of 4 inches ; and three circular grooves are cut in the abutting face having mean 

* The experimental work of this paper was In part carried out by three of the Student Demonstrators 
of the Siemens Laboratory, King's College, London, Messrs. Brazil, Atohison, and Greenham. We 
wish to express our thanks to them for their zealous co-operation. 
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diameters of 2*6, 5*1 6, and 7 '75 centims. respectively^ for the purpose of inserting 
copper coils the ends of which are brought out by means of the radial slot shown in 
fig. 2. When the pole-pieces ai'e brought into contact as shown in fig. 1^ we have 
thus three exploring coils within the mass and a fourth was wound on the circular 
portion outside. These exploring coils are numbered 1^ 2, 3^ 4 respectively, starting 
with the coil of least diameter. 

Fig. 3 gives a diagram of the apparatus and connections, in which A is a reversing 
switch for the purpose of reversing a current given by ten storage cells through the 
magnet windings in series ; B is a Thomson graded galvanometer for measuring 
current; and C is a non-inducfcive resistance of about 16 ohms placed across the 
magnet coils for the purpose of diminishing the violence of the change on reversal. 
The maximum current given by the battery was 1'2 amperes. A D'Arsonval gal- 
vanometer of Professor Ayrton's type, D, of 320 ohms resistance ; a resistance 
box E ; and a key F were placed in circuit with any one of the exploring 
coils 1, 2, 3, 4, for the purpose of observing the electromotive force of that circuit. 
The method of experiment was as follows :-— The current round the magnet limbs was 
suddenly reversed and readings on the D'Arsonval galvanometer were taken on each 
coil at known epochs after the reversal. The results are shown in fig. 4, in which 
the ordinates are the electromotive forces in C.G.Se units and the abscissae are in 
seconds. 

The portion of these curves up to two seconds was obtained by means of a ballistic 
galvanometer having a periodic time of fifty seconds, the key of its circuit being 
broken at known epochs after reversal. From the induction curve so obtained the 
electromotive force was found by differentiation. 

The curve A which is superposed on curve 4 of fig. 4 gives the current round the 
magnet in the magnetizing coils. It is worth noting, that, as would be expected, it 
agrees with the curve 4. The potential of the battery was 1*2 amperes X 16*3 ohms 
= 19'6 volts. Take the points two seconds after reversal, the electromotive force in 
one coil is 330,000 ; multiplying this by 5208, the number of coils on the magnet, we 
have in absolute units 1,718,640,000 as the electromotive force on the coil due to 
electromagnetic change, or, say, 17*2 volts. Subtracting this from 19*6 we have 2*4. 
The electromotive force observed is °125 X 16*3 =:= 2*02. The difierence between 
these could be fully accounted for by an error of |- second in the time of either 
observation. 

The general character of the results was quite unexpected by us. Take coil No. 2 
for example, the spot of light, on reversing the current in the magnet winding, would 
at once spring off to a considerable deflection, the deflection would presently diminish, 
attaining a minimum after about 6 seconds ; the deflection would then again increase 
and attain a maximum greater than the first after 8 seconds, it would then diminish 
and rapidly die away. 

To attempt a thorough explanation of the peculiarities of these curves would mean 



PROPAGATION OF MAGNETIZATION OF IRON. 97 

solving the differential equation connecting induction with time and radius in the iron 
with the true relation of induction and magnetizing force. But we may inversely from 
these curves attempt to obtain an approximation to the cyclic curve of induction of 
the iron. 

Let I be the mean length of lines of force in the magnet. Let n be the number of 
convolutions on the magnet, and let c be the current in amperes in the magnetizing 
coils at time i^. Then at this epoch the force due to the magnetizing coils is iTrnc/lOL 
Call this Hp 

Next consider only one centimetre length of the magnet in the part betw^een the 
pole-pieces which is circular and has coils 1, 2, 3, wound withiu its mass, and coil 
4 wound outside. The area of each of the electromotive force curves of the coils 1, 2, 

3, 4, up to the ordinate corresponding to any time, is equal to the total change of the 
induction up to that time. 

In fig. 2 let A^, A^, Ag, A^ be the areas in sq. centims. of coil 1 and the ring-shaped 
areas included between the coils 1, 2, S, 4 respectively. Then the induction at time t, 
as given by the integral of curve 1, divided by A^ is the average induction per 
sq. centim. for this epoch over this area. Also, the induction at time t, as given by 
the integral of curve 2, minus the induction for the same time, as given by the 
integral of curve 1, divided by A^, is the average induction per sq. centim. for this 
area. Similarly, average induction per sq. centim. for Ag, A^, can be found for any epoch. 

Consider area A^. It is obvious that all currents induced within the mass 
considered external to this area, due to changes of induction, plus the current in 
the magnetizing coil per centim. linear, at any epoch, go to magnetize this area, and, 
further, the induced currents in the outside of the area A^ itself go to magnetize the 
interior portion of this area. We know the electromotive forces at the radii 1, 2, 3, 

4, and the lengths in centims. of circles corresponding to these radii. From a know- 
ledge of the specific resistance of the iron we can find the resistance, in ohms, of rings 
of the iron corresponding to these radii, having a cross-sectional area of 1 sq. centim. 
Let these resistances be respectively 1\, r^, r^, 7\. At time t, let e^, e^, %, e^, be the 

electromotive forces in volts at the radii 1, 2, 3, 4, then --- , — ' , -^ , —- are at this 

n ^^3 ^^3 n 

epoch the amperes per sq. centim. at these radii. Let a curve be drawn for this epoch, 
having amperes per sq. centim. for ordinates and radii in centims^ for abscissa. Then 
the area of this curve, from radius 1 to radius 4, gives approximately the amperes per 
centim. due to changes of induction, and (neglecting the currents within the area 
considered) the algebraic sum of this force (call it H^), with the force due to the 
magnetizing coils (H-^) at the epoch chosen, gives the resultant magnetizing force 
acting upon area A^. If H is this resultant force., we have H = Hj -f H^. Next 
draw a curve showing the relation between tlie induction per sq. centim. (B) and the 
resultant force (H) for different epochs. This curve should be an approximation to 
the cyclic curve of induction of the iron. 
MDCCCXCV. — A. o 
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The attempt to obtain an approximation to the cyclic curve of induction from the 
curves in fiQ\ 4 was a failure, that is to sav, the resulting curve did not resemble a 
cyclic curve of magnetization. This is due to imperfections of fit of the two faces, in 
one of which the exploring coils are imbedded. That this imperfection of fit will tend 
to have a serious effect upon the distribution of induction over the whole area is 
obvious on consideration. Take the closed curve ahcd in fig. 5. where AB is the 
junction between the pole pieces. If the space between the faces was appreciable^ the 
force along he and ad in the iron could be neglected in comparison with the forces in 
the non-magnetic spaces ah, cd. The magnetizing force is sensibly A^ttc, where c is the 
current passing through the closed curve. This may be made as small as we please. 
Therefore, the force along ah is equal to the force along do. In our case the space 
between the faces is very small, but has still a tendency towards an equalizing of 
the induction per unit area over the whole surface. 

To test this the following experiment was tried. At a distance of 2|- inches from 
the abutting surfaces of the pole pieces four holes w^ere drilled in one of the pole 
pieces in a plane parallel with the abutting surfaces, as shown in fig. 6. By means of 
a hooked wire we were able to thread an insulated copper wire through these holes, 
so as to enclose only the square area A, which is bounded by the drilled holes and has 
an area of '61 sq. inch. The wire is indicated by the dotted lines. Fig. 7 gives two 
curves taken by the D'Arsonval in the manner already described for a reversal of the 
same current in the copper coils of the magnets. No. 1 (fig. 7) is the curve obtained 
from No. 1 coil (fig. 2) near the air space. No. 2 (fig. 7) is the curve obtained from 
the square coil shown in fig. 6. The difference is very marked and shows at once the 
effect of the small non-magnetic space which accounts for the large initial change of 
induction previously observed on the coils 1, 2, 3 in fig. 4. Similar holes were drilled 
in the yoke of the magnet in a plane midway between the vertical cores, having the 
same area of '61 sq. inch ; and on trial exactly the same form of curve was produced 
as is shown in No. 2 of fig. 7. This method of drilling holes in the mass is open to 
the objection that the form of the area is square. 

Whilst the above experiments were being made the portion of the magnet to take 
the place of the pole-pieces previously used was being constructed as follows :— In 
fio% 8 the portion of the magnetic circuit resting upon the vertical cores consists of a 
centre rod A^ of very soft Whitw^orth steel surrounded by tubes A 2, A3 of the same 
material. The diameter of A^^ is 1 inch. The outside diameter of A^ is 2|- inches ; 
and A3 is 4 inches outside diameter between the cores of the magnet, but is 4 inches 
square at each end where it rests upon the magnet limbs. At the centre of the rod 
A| (longitudinally) a circular groove is turned down 1 millim. deep and 5 millims. 
wide, and also a longitudinal groove 1 millim. deep and 1 millim. wide is cut as 
shown in the figure for the purpose of leading a double silk covered copper wire from 
terminal T^ to 9 convolutions at the centre and along the rod to terminal Tg. A 
similar groove is cut in the outside of the tube A^, and a copper wire is carried from 



PROPAGATIOISr OF MAGNETIZATION OF IRON. 



101 



terminal Tg to 9 convolutions round the centre of the tube again along the groove to 
terminal T^^. Nine convolutions were also wound round the outside tube A3, the ends 
of which are connected to the terminals Tg, Tg respectively. 

The tubes and rod were made by Sir J. Whitworth and Co., of Manchester, 
and a considerable force was required to drive the pieces into their proper position. 
Our best thanks are due to Professor Kennedy and his assistants for the putting 
together of these pieces by means of a 50-ton hydraulic testing machine. We are 
aware that the surfaces are somewhat scored by the hydraulic pressure, and the 
magnetic qualities may be slightly different for layers of the soft steel near these 
surfaces, but they serve just as well for the purpose of our experiments. 



Fig. 8, 




Systematic experiments were then commenced. The magnetizing coils on the 
magnets were placed in parallel with one another, and a total current of 1*75 amperes 
(that is, '87 ampere in each coil), due to 5 storage cells, was reversed through the 
coils. The arrangement of apparatus is shown in fig. 3, except that the pole-pieces 
are replaced by the soft steel tubes shown in fig. 8, and the non-inductive resistance 
C is removed. We have now three exploring coils instead of four, and these are 
marked 1, 2, 3 respectively, starting with the coil of smallest diameter. For the 
purpose of obtaining the current curve, the D'Arsonval was placed across a non- 
inductive resistance of ^ ohm in the circuit of the magnetizing coils. Fig. 9 gives 
a set of curves obtained with the 5 cells, and also another set obtained by a reversal 
of 1*8 amperes given by 54 cells — a non-inductive resistance being placed in the 
circuit to adjust the current. 

The efFect of reversing the same maximum current with two different potentials is 
very marked. Take coil No. 1. With 5 cells the maximum rate of change of 
induction occurs at 9 seconds after reversal, at which epoch the current in the copper 
coils is about 1 ampere, the maximum current being 1*75. With 54 cells the 
maximum rate of change of induction occurs at 4 seconds, and here the current in the 
copper coils is nearly a maximum. We therefore chose to work with 54 cells, thus 
avoiding a magnetizing force due to the current in the copper coils varying for 
considerable times after reversal. 
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Table I. gives a list of the experiments made with total reversal of current due to 
54 cells, the magnetizing coils being kept in parallel with one another, and the 
magnitude of current through them adjusted by means of a non-inductive resistance. 

In fig. 10 the maximum current in the copper coils is '0745 ampere, which, after 
reversal, passes through zero and attains a maximum at about 3 seconds. It will be 
observed that the change of induction with regard to each of the coils 1, 2, 3 is 
rapid to begin with, but that it gradually decays and becomes zero at about 46 seconds 
after reversal. 

Fig. 11 is interesting in that it gives the particular force at which coils 1 and 2 
show a second rise in the electromotive force carves, No. 1 being a maximum at 
about 25 seconds, and No. 2 at about 8 seconds after reversal. These ^4iumps'' 
become a flat on the curve for a little smaller force, and, as shown in fig. 10, 
they have disappeared altogether. In this case the current in the copper coils has 
attained a maximum at about 4 seconds after reversal. 

In fig. 12 the maximum current in the copper coils is "24 ampere, corresponding 

with a force in C.G.S. units of 4*96. This is got from — -~— .^^ The current 

in the copper coils has attained its maximum value at about 4 seconds after 
reversal, and changes of induction were going on up to 35 seconds. 

In the following attempt to obtain an approximation to the cyclic curve of 
hysteresis, from these curves, we have taken the volume-specific resistance of the 
soft steel to be 13 X 10""^ ohm. We have taken the diameter of coils 1, 2, 3 to be 
respectively 1*22, 3*18, and 5*08 centims.,'^^ and we find that the corresponding 
resistances, in ohms, of rings of the steel having 1 sq. centim„ cross-section and 
mean diameters equal to the coils are, respectively, 103*7X10""^, 259*4x10""^, and 
416*4 XlO-^ From a knowledge of the electromotive forces at the three radii, for 
a given epoch, we are able to find the amperes per sq. centim. at those radii. In fig. 
12a a series of curves have been drawn for difierent epochs, giving the relation 
between amperes per sq. centim. and radii in centims., and the areas of these curves 
between different limits have been found, and are tabulated in Table II. It is 
necessary here to state that the path of these curves through the four given points 
in each case is assumed ; we have simply drawn a fair curve through the points. 
But what we wish to show is that the results obtained with the curves, drawn as 
shown in fig. 12a, are not inconsistent with what we know with great probability to 
be true. 

The results shown in fig. 12b have been obtained as follows : take curve 1, 
fig. 12b ; the electromotive force curve of coil I, fig. 12, has been integrated, 
and the integral up to the ordinate corresponding to any time is equal to the total 

^ In Part II. of this papei^ the smallest radius was taken to be 1'27. For onr purpose the difference 
is not worth the expense of correction. 
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change of the induction up to that time^, which divided by the area of the coH in sq. 
centims. gives the average induction per sq. centim. In obtaining the areas we had 
to assume the path of the electromotive force curve up to 2 seconds, but this we can 
do with a good deal of certainty. 

With regard to the forces we see that after 3 seconds the induced currents have 
to work against a constant current in the copper coils. In obtaining the forces due 
to induced currents we have only taken the area of the curves in fig. 12a between 
the radii 1*22 centims. and 5*08 centims. ; that is, we have neglected the effect of 
the currents within the area of coil No. 1 altogether. The resultant force (H) is 
the algebraic sum of the force (H^) due to the currents between the radii taken, and 
the force (H^) due to the current in the copper coils, and is set forth for different 
epochs in Table 11. The inductions per sq. centim. have been plotted in terms of 
this resultant force (H), and curve I., fig. 12b, shows this relation. 

Next, take curves II. and III., fig. 12b. In obtaining the inductions for these 
curves, the difference between the integrals of curves No. 1 and 2, fig. 12, for a given 
epoch, has been taken. This gives the induction for this epoch, which, when divided 
by the ring-shaped area between coils 1 and 2, gives the average induction per unit 
of tlmt area. 

In obtaining the forces in curve II., fig. 12b, we have taken the areas of the curves in 

fig. 12a between the radii 3*18 centims. and 5*08 centims.; that is, we have neglected 

the forces within the area under consideration as before. Here the error is of more 

importance, and may partly account for the difference between the forces of 

curves I., II. In curve III. we have taken the areas of curves in fig. 12a between 

the radii 2*2 and 5*08 ; that is, we have taken account of the force due to induced 

currents over a considerable portion of the area considered. Coupled with the 

uncertainty in form of the curves in fig. 12a we have the uncertainty as to how 

much to allow for the forces due to induced currents over the particular area 

J. 

considered. The difference in the ordinates of curves I. and 11. may partly be 
accounted for by errors arising from the assumed path of the electromotive force 
curve up to 2 seconds, which is more uncertain in curve 2, fig. 12, than in curve 1 ; 
and partly to possible slight inequality between the materials of the rod and its 
surrounding tube. 

In fig. 13 the maximum current in the copper coils is '11 ampere, correspondmg 
with a force in C.G.S. units of 16. The current in the copper coils, after passing 
through zero, attains its full value at about 9 seconds after reversal, and the change 
of induction ceases at 10 seconds. 

No. 1 curve, fig. 13, has been integrated, and the maximum induction per 
sq. centim. found to be 14,500 C.G.S. units. We have taken a given cyclic curve 
for soft iron corresponding with this maximum induction, and have tabulated the 
forces obtained therefrom in Table III. for the different values of B got from the 
integration of No. 1 curve. We then plotted in fig. 13a the amperes per sq. centim, 

MDCCCXCV.— -A. P 
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at the different radii for different epochs, and in each case, by drawing a cnrve fairly 
through them, we were able to produce areas in fair correspondence with areas as 
got by means of the given cyclic curve. The comparative areas are tabulated in 
Table III. 

In fie 9 the maximum current in the copper coils due to the 54 cells is 
1*8 amperes, corresponding with a force of 207 in C.G.S, units. In this case the 
current had passed through zero and attained a maximum at 6 seconds after reversal ; 
the change of induction being zero also at this time. We have worked out the 
current per sq. centim. for the different radii at different epochs, as before, and have 
plotted them in fig. 9a, Fig 9b gives the relation of B to H, found from the curves, 
and it also shows a fair approximation to the cyclic curve for soft iron, although in 
this case the points are fewer in number and were more difficult to obtain, owing to 
the greater rapidity with which the D'Arsonval needle moved as compared with the 
earlier curves. 

With a reversal of 2 '3 amperes the wdiole induction effects had died out at 
5 seconds after reversal. Coil No. 1 show^ed a maximum electromotive force at about 
3| seconds. Coil No. 2 gave a dwell, and attained a maximum at 2 seconds, and 
then died rapidly away. Coil No. 3 attained an immediate maximum and died 
rapidly to zero at 5 seconds. 

With a reversal of 6^ amperes the whole inductive effects had died out at about 
3 seconds after reversal. No. 1 coil show^ed a maximum electromotive force at about 
1| seconds. No. 2 gave a dwell and attained a maximum at about 1-| seconds and 
rapidly died away to zero at about 2 seconds. No. 3 attained an immediate maximum 
and died rapidly to zero at about 2 seconds. 

The vei.riations in form of these curves and of the times the electromotive forces 
take to die away are intimately connected with the curve of magnetization of the 
material. When the magnetizhig force is small (1*7) the maxima occur early because 
the ratio induction to magnetizing force is small. As the magnetizing force increases 
to 3 and 4*96 the maxima occur later because this ratio has increased, whilst when 
the force is further increased to 16 and 37 '2, as shown in figs. 13 and 9, the maxima 
occur earlier because the ratio has again diminished. 

The results, both of these experiments and of those which follow, have a more 
general application than to bars of the particular size used. From the dimensions 
of the partial differential equation which expresses the propagation of induction in 
the bar, one sees a.t once that if the external magnetizing forces are the same in two 
bars differing in diameter, then similar magnetic events will occur in the two bars, 
but at times varying as the square of the diameters of the bars. But one may see 
this equally without referring to the differential equation. Suppose two bars, one 
n times the diameter of the other, in which there are equal variations of the 
magnetizing forces ; consider the annulus betw^een radii r^, r^ and nr^, m\ in the two, 
the resistance per centimetre length of the rods of these annuli will be the same for 
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tlieir area., and their lengths are alike as 1 : n ; the inductions through thein^ when 
the inductions per centimetre are the same, are as the areas, that is, as 1 : n^. Hence 
if the inductions change at rates inversely proportional to 1 : n^^ the currents between 
corresponding radii will be the same at times in the ratio of 1 : n^, and the magnetizing 
forces will also be the same. 

Magnets of sixteen inches diameter are not uncommon ; with such a magnet, the 
magnetizing' force beina' 37 and the masiietizinff current beino^ compelled to at once 
attain its full value, it will take over a minute for the centre of the iron to attain its 
full inductive value. 

On. the other hand, with a wire or bundle of wires, each 1 millim. diameter, and 
a magnetizing force between 3 and 5, which gives the longest times with our bar, 
the centre of the wire will be experiencing its greatest rate of change in about 
'500 second. This is a magnetizing force similar to those used in transformers, and 
naturally leads us to the second part of our experiments. 

Part II.— Alternate Currents. 

This part of the subject has a practical bearing in the case of alternate current 
transformer cores, and the armature cores of dynamo-electric machines. 

The alternate currents used have pei^iodic times, varying from 4 to 80 seconds, and 
were obtained from a battery of 54 storage cells by means of a liquid reverser,^ shown 
in elevation and plan in figs. 14 and 15. It consists of two upright curved plates of 
sheet copper, AA, between which were rotated two similar plates, BB, connected 
with collecting rings, DD, from which the current was led away by brushes to the 
primary circuit of the magnet. The copper plates are placed in a weak solution of 
copper sulphate in a porcelain jar. The inner copper plates, and the collecting rings, 
are fixed to a vertical shaft, S, which can be rotated at any desired speed by means 
of the gearing shown in the figure. The outer plates are connected to the terminals 
of the battery of storage cells, and the arrangement gives approximately a sine curve 
of current when working through a non-inductive resistance. 

The experiments were made with the same electro-magnet and Whitworth steel 
tubes described in Part I. of this paper. Fig. 1 6 gives a diagram of connections in 
which M is the current reverser, G is the Thomson graded current meter for 
measuring the maximum current in the copper coils, and W is the electro-magnet. A 
small, non-inductive resistance, placed in the primary circuit served to give the curve 
of current by observations on the D'Arsonval galvanometer, D, of the time variation 
of the potential difference between its ends. The D'Arsonval galvanometer was also 
used, as in Part I., for observing the electromotive forces of the exploring coils 1, 2, 
and 3 (see fig. 8, Part I.), 11 being an adjustable resistance in its circuit for the 
purpose of keeping the deflections on the scale. 

^ This form of reverser is due to Professor Ewikg. 
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The metliod of experiment was as follows :— The liquid reverser, M^ was placed so 
as to give a maximum current on the meter G^ which was adjusted by non-inductive 
resistance, N, to the desired value^ and, in all cases, when changing from higher to 
lower currents, a system of demagnetization by reversals was adopted. Time was 
taken, as in Part I., on a clock beating seconds, which could be heard distinctly. 

As an example, take fig. 19, in whicli the periodic time is 80 seconds, and the 
maximum current in the copper coils '23 ampere. The E.M.F. carves of the exploring 
coils are numbered 1, 2, and 3 respectively, and the ciuwe of current in the copper 
coils is also given. 

As in the case of simple reversals (Part I.) we may from these curves attempt to 
obtain an approximation to the cyclic curve of induction of the iron. In all cases 
where this is done we have taken coll 1 and considered the area- within it— that is to 
say, from a knowledge of the E.M.F.'s at different depths of the iron, due to change 
of induction at any epoch, we have estimated the average magnetizing force acting in 
this area, and this we call H^. The cuiwes from which these forces have been 
obtained are given in fig. 19a, and have been plotted from Table VI. The algebraic 
sum of this force, Hg, and the force H^, given at the same epoch by the current in 
the copper coils, is taken to be the then resultant force magnetizing this area. Also 
the integral of curve 1, fig. 19, gives the average induction over this area at the same 
epoch. Curve x, fig. 19b, is the cyclic curve obtained by plotting the inductions in 
terms of the resultant force H. 

A word is necessary with regard to the last column in Table VI. This gives the 
total dissipation of energy by induced currents in ergs per cycle per cub. centim. of 
the iron. We know the watts per sq. centim. at different depths of the iron for 
different epochs. Let a series of curves be drawn (fig. 19o) for chosen epochs giving 
this relation : the areas of these curves from radii to 5*08 give for the respective 
epochs the watts per centim. dissipated by induced currents. In symbols this is 

T—dr; where r is the radius, and ec the E.M.F. and current. It is now only 



eo 



sq. centim, 

necessary to integrate with regard to time in order to obtain the total dissipation : we 



ec 



have chosen a half period as our limits. This gives us — : — dr dt, and is got 

•^ ^ J J sq. centim. ^ 

from the area of curve z, fig. 19d. The ordinates of this curve are taken from the 
last column of Table VI. 

The curves in figs. 21, 22, have been treated in a similar manner to that already 
described in connection with fig. 19. But in fig, 20 the procedure is a Httle different. 
In this case the periodic time is 20, and the maximum force per centim. linear, due to 
the current in the copper coils, is 4-87. With this frequency and current the eflfects 
of induced currents in the iron are very marked : we have taken a given soft 
iron cyclic curve, of roughly the same maxim.um induction as given by the integral of 
curve No. 1, fig. 20, and have tabulated the forces obtained therefrom in Table VIL 
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In fig. 20a we have plotted the amperes per sq. centim. at the different radii, and for 
the several epochs, and in each case, by drawhig a curve fiiirly through these points, 
as shown in the figure, we are able to produce areas in fair correspondence with the 
areas obtained by means of the given cyclic curve, The comparative areas are given 
in Table YIL 

The results show^n in fig. 22 are by no means so satisfactory as the results given by 
other figures, but we have thought it better to insert them here, as we do not wish 
to make any selection of results which might give an idea of average accuracy greater 
than these experiments are entitled to. 

Referring now to the summary of results in Table V., we note the marked effect of 
change of frequency upon the average induction per unit area of the innermost coil 
No. 1, when dealing with comparatively small maximum inductions. Compare the 
results given in figs. 19 and 20. The maximum force per centim. linear due to the 
current in the copper coils is 4*8 in each case, but the average induction per 
sq. centim. of coil No. 1 is reduced from 7690 to 1630 by a change of frequency from 
8~o to 2V This is, of course, not the case on the higher portion of the induction curve, 
as is shown by the results of figs. 21 and 22, although the resultant force H is 
reduced by the induced currents. 

In fig. 23 the maximum amperes in the copper coils is '24, and the periodic time is 
reduced to 4. An inspection of these curves shows the marked effect of change of 
frequency, coil No. 2 being exceedingly diminished in amplitude as compared with 
No. 3. 

As an example of the practical bearing of this portion of the paper, suppose we 
have a transformer core made out of iron ware, 1 millim. in diameter, the wires 
being perfectly insulated from one another. The outside diameter of our outer tube 

is 101 '6 millims. Similar events will therefore happen at times, varying as f . .,•) . 

Take the case of fig. 19, in which the periodic time is 80 seconds, and the maximum 
average induction per sq. centim. is about 7000. 

(101*6)^ 

- rr — = 129 periods per second, and this is an example which might arise in 

practice. The ergs dissipated per cycle per cub. centim. are 3820 by induced currents, 
and about 3000 by magnetic hysteresis. We see further, from fig. 20, that at 500 
periods per second only the outside layers of our 1 millim. wire are really useful. 

As another example, take the case of an armature core of a dynamo electric 
machine in which a frequency of 1000 complete periods per minute might be taken. 

In fig. 21 the periodic time is 80, and the maximum average induction per 

sq. centim. is 15,000. 

We have 

-1^-=: 80 (x/lOl'f))^ 

X = 101*6/36 = nearly 3 millims. 

MDCCCXCV.— A. Q 
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The ergs dissipated per cycle per cub. centim. are 26,000 by induced currents, and 
about 17,000 by magnetic hysteresis. This shows that according to good practice, 
where the wires in armature cores are of an order of 1 or 2 millims. diameter, the loss 
by induced currents would be but small as compared with the loss by magnetic 
hysteresis. This, of course, assumes the wires to be perfectly insulated from one 
another, which is not always realised in practice. 

Both the armature cores of dynamos and the cores of transformers are now usually 
made of plates instead of wire ; roughly speaking a plate in regard to iDduced 
currents in its substance is comparable to a wire of a diameter double the thickness 
of the plate. We infer that the ordinary practice of making transformer plates 
about ^ millim. thick, and plates of armature cores 1 millim. thick, is not far wrong. 
Not much is lost by local currents in the iron, and the plates could not be much 
thicker without loss."^ 



Table I. 



Fig. 10 
11 



Maximum amperes in ; 
mao'iietiziTiof coils. 



5) 



„ 12, Table II. . 



55 



13, 

9, 



5? 
?? 



III. . 

IV. . 



•0745 

•138 

•24 

•49 

•774 

1-80 

2-31 

6-5 



ximum force in 
O.G.S. units. 
H 



1'7 
3-0 

4-96 
10-1 
16-0 

37-2 

47-6 

134-5 



Maximum induction 
per sq. centim. 

n 



8,000 
12,820 
14,495 

15,480 



^^ The question of dissipation of energy by local currents in iron lias been discussed by Professors 
J, J . Thomson and Ewing. 8ee the ' Electrician/ April 8tli and 15tli, 1.892. 
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